Abstract: Study of the liquid crystal (LC) director around nanoparticles has been an important topic of research very recently, since it allows design and fabrication of next-generation LC devices that are impossible in the past. In our experiment, alkanethiol-capped gold nanoparticles (GNPs) were dispersed in nematic LC. Analysis of the LC director around GNPs was performed by investigating the behavior of surface plasmon polariton (SPP) absorption peaks of the GNPs using spectrophotometry technique. It is found that the incident linearly polarized light orientated at 0°, 45°, and 90° angles with respect to the rubbing direction experiences varying interaction with the LC medium. The corresponding transmission of light reveals the anisotropic shift in wavelength of SPP peak. The anisotropic behavior of SPPs of the GNPs is in agreement with theoretical calculations. Science 275(5307), 1770-1773 (1997). 8. R. Yamamoto, "Simulating particle dispersions in nematic liquid-crystal solvents," Phys. Rev. Lett. 87(7), 075502 (2001). 9. J. Fukuda, M. Yoneya, and H. Yokoyama, "Nematic liquid crystal around a spherical particle: Investigation of the defect structure and its stability using adaptive mesh refinement," Eur Phys J E Soft Matter 13(1), 87-98 (2004). 10. M. A. Bates, "Nanospheres in a nematic liquid crystal solvent: the influence of particle size," Liq. Cryst. 32(11-12), 1525-1529 (2005 
Introduction
Recently, new perspectives of liquid crystals (LCs) have been shown in optics and photonics [1] , display devices [2] , virus detection by understanding its interaction with LC [3] , and studying the interaction of LC with nanomaterials for enhanced applications [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Nanomaterials are emerging as a prototype to enrich the properties of LC materials. The active research in this direction has been focused on the analysis and control of the interaction between LC molecules and gold nanoparticles (GNP) at nanoscale dimension. Some mathematical models have been presented to understand the alignment of LC molecular director around nanomaterials in the form of Saturn rings, hedgehogs, and boojams [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . The inclusion of GNPs in nematic LC can create some stable defects with possible integral strength ± 1 or ± ½ depending on the interaction of LC with GNPs. The theoretical approach on the linearized director distortion in nematic LC formed by particles analyzes several properties like elastic charge density, multipole particles, mechanical torque balance on the basis of electrostatic interactions, and defect symmetry [12] . The anisotropic alignment of LC molecules is due to breaking of mirror symmetry and it leads to the dipolar interaction between colloidal particles in LC [13] . The long range interaction of inhomogeneous macrodroplet distribution within a liquid crystal sample shows the dependency on the spatial position and relative orientation of the droplets [14] .
The gold nanoparticles are so sensitive to visible light that the incident light polarizes the GNP doped in the dielectric system due to the shifting of electron cloud which is influenced by electric component of incident light. This results in generation of surface plasmon polariton (SPP) waves at the interface of GNP and dielectric (LC in the present case). These SPP waves propagate along the interface of GNP and dielectric which end up in both media for some distance. The resulting behavior of SPP has shown that the boojam pair with planar configuration of LC director around GNP is more stable in comparison with Saturn ring and hedgehogs [7, 18] .
In 1972, P. G. de Gennes proposed the phase separation at the interface of solid substrate and bulk nematic LC [19, 20] . The separate phase at the interface was the layer structured smectic A phase whereas the bulk phase was nematic in vertical alignment configuration of sample cell. The enhancement in the local ordering of 4-pentyl-4′-cyanobiphenyl (5CB) molecules has been observed at the interface of LC and thiol derivative functionalized GNP which is confirmed by observing the shift in wavelength of SPP peak. The redshift in wavelength of SPP peak has been reported in literature [21] . The controllable redshift is observed below threshold voltage before particle aggregation due to electrophoresis force whereas after threshold voltage, the magnitude of irreversible peak shift increases remarkably [22] . However, the surface chemistry has played a significant role in the SPP peak shifting due to the coupling of SPP with the 5CB nematic LC material [23] .
The optical frequency response of GNPs strongly depends on the fundamental electronic configuration of the nanoparticles which can be influenced by the variation in the size of nanoparticles and its surrounding dielectric environment [21] . At the interface of metal and LC, the shift of SPP peak is found to be selective, i.e., the blue shift is caused by the low energetic SPP resonance, whereas the red shift is induced by the high energetic SPP resonance under the application of an external electric field. It has also been found that the SPP field can align the LC molecules due to the interaction of its electric component with dielectric anisotropy of the LC material. In vertical alignment of the sample cell, the point defect disclination is 1 while after conversion to planar it becomes either surface ring or a -½ disclination ring configuration [13, 24, 25] .
Based on the previous theoretical observations, the alignment of LC molecular director in the close proximity of GNPs is not symmetric but it is anisotropic [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . In this paper, the alignment of LC molecular director in the periphery of decanethiol decorated GNP has been observed experimentally in the vertical and bias induced planar alignment sample cells using electro-optical technique. In vertical alignment of the sample cell, the anchoring of director around the GNPs has been found symmetric whereas in planar alignment it is non-symmetric, i.e. anisotropic configuration around the GNPs. The SPP peak of the GNPs shows blue shift at 0° and 45° angles between the polarization state of the linearly polarized light and rubbing direction of the sample cell with the increase in external bias field. This has also been analyzed by theoretical calculations as well.
Experiments and analysis
The nematic LC material, MLC 6608 which is used in the present study, has a negative dielectric anisotropy of 4.2 ( 3.6, 7.7)
at low frequency in dielectric spectroscopy, where ε || and ε ⊥ are the parallel and perpendicular components of the dielectric constant at low frequency with respect to long molecular axis of LC. The optical anisotropy of this material is Δn = n e -n o = 0.083 with n e = 1.5586 and n o = 1.4756 in optical frequency range. The nematic to isotropic phase transition temperature is 90° C. The decanethiol capped GNPs (~20 nm in size) dispersed in toluene were purchased from Sigma Aldrich, USA and used as it is. The decanethiol capped GNPs can be synthesized by the process discovered by Brust et al [26] . A two-phase (water-toluene) reduction of AuC1 4 -by sodium borohydride in the presence of an decanethiol is carried out. The AuCl 4 -is transferred from aqueous solution to toluene by using tetraoctylammonium bromide as the phase-transfer reagent and sodium boronhydride acts as the reducing agent in the presence of decanethiol. After the reduction process, the color of the solution changes from orange to deep brown which confirms the formation of GNPs. The size of the particles can be controlled by the mole ratio of AuCl 4 -and thiol compound. The suspension of 5 wt. % of the decanethiol capped GNPs was prepared in MLC 6608 LC material using manual mixing in the first stage and the composites were sonicated for 30 mins at room temperature in the second stage. The sample cells were fabricated by using transparent and highly conductive indium tin oxide (ITO) coated glass substrates. In order to prepare the capacitive form of the sample cell, the ITO coated substrates were placed parallel to each other facing the ITO coating inside. The 20 µm spacer balls were used to maintain the uniform separation between the two substrates. Before assembling the cell, the ITO coated side of the two substrates was treated with the alignment layer of SE 1211 polymer and rubbed uniformly in a single direction. The SE 1211 polymer is used to induce vertical alignment of LC material in the sample cell. The 5 wt. % GNP doped MLC 6608 was sandwiched between the two substrates at 95° C temperature which is above its nematic to isotropic phase transition. The sample was kept at 95°C temperature for one hour and was allowed to cool down naturally to room temperature for better alignment. The optical transmission measurement was recorded by using a computer controlled digital fiber optic spectrometer in the dark room at room temperature in the wavelength ranging from 400 to 1100 nm.
The schematic diagram of experimental set up for the measurement of the sample cell is shown in Fig. 1(a) . The unpolarized light from the white light source is made linearly polarized by the polarizer and is incident on the sample cell. The requirement of the present experiment is the normal incidence of the linearly polarized light. The experimental observations are recorded at 0°, 45°, and 90° angles of the polarized light with respect to the rubbing direction of the sample cell. Figure 1(b) shows the schematic front-view of the pristine sample cell with the vertical alignment of LC molecules in the bulk nematic LC at 0V external bias field. However, the alignment of molecular director close to GNP is mediated by decanethiol molecules. This is shown partially vertical on the surface of GNP due to its interaction with LC molecules. Thus, the alignment close to GNP surface appears to be pretilted with respect to bulk alignment and constitutes the defect of the integral strength 1 [2, 13] .
Figure 1(c) shows the front-view of the planar alignment configuration of the bulk LC. This can be obtained by applying an external electric field on the sample cell because of the negative dielectric anisotropy of MLC 6608 at low frequencies. The planar alignment is along the rubbing direction of sample cell as shown in Fig. 1(c) . In planar alignment, the LC director at the interface of the GNPs is assumed to be anchored in anisotropic manner with respect to the surface of the GNP and constitutes the defects of integral strength of -½. For small particles, the anchoring energy of GNP Wa 2 (where W and a are the surface energy term and the size of the particle respectively) is weaker than the elastic energy Ka of LC (where K is the elastic constant of LC), which dominates the bulk alignment in proximity of GNP and allows the LC alignment to constitute the Saturn-ring-type defect.
The alignment configuration at the interface of GNP and LC is studied by observing the behavior of SPP of the GNPs doped in MLC 6608 LC material. For the absorption spectra measurement of GNP-doped LC, the polarized light is incident normally on the sample with the polarizing angle at 0°, 45°, and 90° to the rubbing direction in the absence and presence of Figure 2 reveals the absorption spectra of MLC 6608 doped with 5 wt. % of GNP in the absence and presence of external electric field. At 0V, Fig. 2(a) reveals that there is a negligible shift in the absorption peak of SPP at various polarization angles of the incident polarized light with respect to the rubbing direction. This is due to the fact that the incident light experiences a uniform alignment of LC molecules on the surface of GNP as configured in Fig. 1(b) . The same measurement is performed at 6V above threshold voltage of Fredericks transition. The alignment of the sample cell has been completely converted from vertical to planar. The absorption spectra are shown in Fig. 2(b) . There is an obvious blue shift in the SPP peak at 0° and 45°. However, there is no shift in the SPP peak at 90°. The shift is due to the change in dielectric constant of LC molecules which has n e >n o at optical frequencies i.e. the long molecular axis component is stronger than short axis at these optical frequencies. It is important to mention here that the applied DC field experiences the negative anisotropy (exists at low frequencies) whereas the incident light experiences the possible positive anisotropy (exists at optical frequencies).
Observation of the SPP peak wavelengths at various DC bias voltages from 0 to 10 V at 0°, 45°, and 90° angles is shown in Fig. 3 . At 0V bias, there is negligible shift in the SPP peak value observed at angles 0°, 45°, and 90° as discussed above. This confirms our assumption that the incident light experiences the symmetric alignment at the interface of LC molecules and GNPs, as shown in Fig. 1(b) . In this configuration, ε ⊥ is experienced by incident polarized light. However, a negligible small shift in the SPP at 90° angle could be due to the pre-tilt nature of the LC director on the surface of GNP. On the application of DC bias voltage, the bulk molecules would rotate from vertical to planer alignment. The rotation of bulk molecules is due to the fact that a torque is applied on the stronger component of dielectric constant. The stronger component is ε ⊥ at low frequencies because the MLC 6608 material has negative dielectric anisotropy which means that the stronger electric dipoles are along the short molecular axis instead of long one. The applied DC field is also the special case of low frequencies (ω = 0). Hence, the transition of LC molecular director from vertical to planar is possible and is called Fredericks transition. In this transition, the effective change in the dielectric constant of the bulk LC medium will be in the rubbing direction (i.e. along 0° as shown in Figs. 1(b) and 1(c) ). This change is also observed in the periphery of GNPs as well. The effective change in the dielectric constant in the periphery of GNP would be at angles 0° and 45° with respect to the rubbing direction, but not at 90° because ε ⊥ will remain the same at this angle as shown in Figs. 1(b) and 1(c) . The SPP is highly sensitive to the dielectric constant of the embedded medium. The SPP peak shows the blue shift at 0° and 45° but not at 90° as shown in Fig. 3 . This shows that the MLC 6608 is positively anisotropic at optical frequencies, i.e., n e > n o and their respective dielectric components at these frequencies as well. Above the threshold voltage (~2V), the direction of molecular director has been found in the rubbing direction of sample cell. Now, there are two effective components of dielectric constant in the plane of substrate: one (ε || ) is along the rubbing direction and another (ε ⊥ ) is perpendicular to it as shown in Fig. 1(c) . This leads to the increment in the dielectric constant value at 0° and 45° which results in the blue shift of the SPP peak from 0° to 90°. The effective dielectric constant at 90° angle is still ε ⊥ and does not show any shift accordingly. Further increase in DC bias leads to the reorientation of the director to be more planar near the surface of GNP. Hence, the maximum dielectric anisotropy is experienced by the polarized light at the interface of GNP and LC. This results in further small shift in the SPP peak at 0° and 45°, but not at 90°. Above the threshold voltage of ~2V, there has not been observed any reorientation of LC molecules and hence no further variation in the value of SPP peak. After the threshold voltage of Friedrich transition, the incident light experiences the configuration of integral strength of -½ as shown in Fig. 1(c) .
However, the behavior of SPP below threshold voltage at 0° and 45° (marked in Fig. 3 as dotted ellipse) shows irregularities in the SPP wavelength shifts. The reason could be that the plane of reorientation of Friedrich transition in nematic LC molecules could not be defined well [27] , i.e., the plane of reorientation is random for individual molecule due to which there are irregularities in the peaks of SPP at the observed angles below threshold voltage.
The continuously varying behavior of SPP peak at 0° from 0 to 5V bias in Fig. 3 has also been analyzed by theoretical calculations. The experimentally observed linear behavior of SPP at 0° from 0 to 5V bias has been estimated in the form of propagation constant of SPP waves as [28] ( )
where
, λ o is the SPP wavelength of reference gold material, n is the refractive index of surrounding reference medium (toluene, n = 1.5) before adding gold nanoparticles in to LC. m ε and LC ε are the dielectric constants of the metal gold and LC medium respectively. The value of 2 m ε  [29] . It does not change much in the visible range of light, so it has been kept constant, and LC ε varies from 2.1774 to 2.4292 in the surrounding of GNP at optical frequencies of incident light. Therefore, the whole range of dielectric constant at optical frequencies from 2.1774 to 2.4292 close to GNP at 0° has been divided into six equal parts. These values of LC ε are substituted in Eq. (1) and the corresponding results are plotted in Fig. 4 . The results show linear behavior of SPP k for change in the dielectric constant of the surrounding medium of GNP as shown in Fig. 4 Fig. 1(b) , whereas at 5 V bias it becomes ε  (optical frequency dielectric constant) as shown schematically in Fig. 1(c) . In order to know the values of SPP λ at corresponding six points, the respective value of SPP λ at each point of bias voltage is used in the calculation. The experimental and calculated values from Eq. (1) are plotted in Fig. 4 . The small variation in the experimental and theoretical results could be due to the fact that the LC molecules are not perfectly aligned in the periphery of GNPs.
The extinction of light is due to the scattering and absorption of light within the material. Therefore, the calculation of extinction cross-section of light within the GNP mixed LC material can highlight the interaction of GNP and LC molecules. Figure 5 reveals the extinction cross-section of the GNP in the anisotropic dielectric LC medium. The extinction cross-section of the GNP in nematic LC behaves as [30] ( ) ( ) ( ) 
where V is the volume of the nanoparticle, ω is angular frequency of incident electromagnetic radiation, ε 1 and ε 2 are the real and imaginary dielectric constants of GNP respectively [31] , c is the speed of light in free space. As the alignment is converted from vertical to planar configuration, the behavior of the extinction cross-section of GNP doped in LC has also been influenced and is calculated from Eq. (2) at the same six points (as discussed above) of LC ε at optical frequency from (2.1774)
of MLC 6608 from vertical to planer alignment. In the vertical alignment configuration, the GNP experiences the dielectric constant component ε ⊥ of the LC at all angles, which is the weaker component at optical frequencies than the long molecular axis, ε  of LC molecule. The same behavior is for refractive index as well which behaves in the same manner as dielectric constant. In planar alignment after the conversion, the dielectric constant component ε || is experienced by the polarized light at the interface of GNP at 0° angle. Figure 5 reveals that when the dielectric constant varies from lower to higher value the extinction peak shifts towards longer wavelengths i.e. towards lower energies. In the present case also, there is a clear shift towards lower energy at 0° angle. This is in agreement with our assumption of anisotropic anchoring of LC molecules around GNP which constitutes the predicted defect in the alignment of nematic LC. However, the redshift in the extinction and blue shift in the absorption data leaves the open question for further analysis on the interaction of thiol capped GNP with LC. This distinct behavior could be due to some factors such as the thiol derivate compound with LC and GNP, the resultant of applied electric field and electric component of optical radiations etc.
Conclusions
In summary, the theoretically predicted LC molecular configuration around GNPs has been observed experimentally. The experimental results are in agreement with theoretical assumptions. This is accomplished by investigating the behavior of SPP absorption peaks of GNPs. Clearly, the variation in the dielectric constant around GNPs governs the behavior of SPP and has shown blue shift in SPP peak with the change in the alignment and associated dielectric properties of LC molecules. There has not been found any shift in the SPP when the polarization state of the incident light is at 90° angle to the rubbing direction of LC sample cell. This confirms that the dielectric properties of LC have not been changed much on the application of DC bias at 90° in comparison to other angles (0° and 45°). This is the clear visualization of anisotropic dynamics of LC molecules around GNPs. The future work on this topic involves the analysis of interaction of LC with the other nano-materials which would lead to the improved display applications. Moreover, the control of alignment of LC by using various sizes GNPs would allow the development of new non-display LC devices, including tunable lenses [32] [33] [34] [35] , optical sensors, lasers and other photonic devices.
